T o determine the force mechanism for the steel plate shear wall with slits, the pushover analysis method was used in this study. An estimated equation for the lateral bearing capacity which considered the effect of edge stiffener was proposed. A simplified elastic-plastic analytical model for the stiffened steel slit wall composed of beam elements was presented, where the effects of edge stiffeners were taken into account. The wall-frame analysis model was established, and the geometric parameters were defined. Pushover analysis of two specimens was carried out, and the analysis was validated by comparing the results from the experiment, the shell element model, and a simplified model. The simplified model provided a good prediction of the lateral stiffness and the strength of the steel slit wall, with less than 10% error compared with the experimental results. The mutual effects of the bearing wall and the frame were also predicted correctly. In the end, the seismic performance evaluation of a steel slit wall-frame structure was presented. The results showed that the steel slit wall could prevent the beams and columns from being damaged by an earthquake and that the steel slit wall was an efficient energy dissipation component.
Introduction
Steel plate shear wall and its variations are attractive ways for seismic lateral load resisting components for both new and retrofit construction. These designs include steel walls perforated with circular holes [1, 2] , steel walls with stiffened large rectangular openings [3] , buckling-restrained steel plate shear walls [4] , rhombic low yield strength steel plate [5] , steel walls with vertical slits [6] , and their modified slit configurations [7] [8] [9] . The steel slit wall has many remarkable benefits, such as high ductility, capability of high energy dissipation, potential for architectural flexibility, a simple evaluation and adjustment method for the strength and stiffness [6] , and a relatively simple fabrication and construction process. Because of its excellent seismic performance and potential for engineering applications, a series of experiments and analytical investigations of its ductility, energy dissipation capacity, and stability behavior were carried out. Hitaka and Matsui [6] conducted a series of monotonic and cyclic loading tests on steel slit walls. These investigators studied the force mechanism by varying three main slit parameters: width-to-thickness ratio of the link, link length-to-thickness ratio, and number of rows of links. The results showed that the steel slit wall had high ductility and high capability for energy dissipation because the steel slit wall yields before buckling. Adjusting the slit parameters can cause the steel slit walls to effectively avoid premature buckling. Hitaka et al. [10] carried out another series of tests on steel slit walls. In these tests, the effect of the steel frame was taken into account. The tests revealed that, for the walls of medium stiffness, the lateral stiffness and the ultimate strength of the steel slit walls were similar to the results obtained by Hitaka and Matsui [6] , but for the steel slit wall with more stiffness, the lateral stiffness and ultimate strength were much smaller than the results obtained by Hitaka and Matsui [6] . The authors attributed this phenomenon to the deformation of the frame, but more detailed analysis was not reported. An equivalent braced model is also proposed that could be employed in commercially available frame analysis programs. Cort´es and Liu [11, 12] used the finite element analysis method to study the force mechanism of steel slit walls and steel slit wall-frame structures and performed a series of experiments to validate the FEA results. The height to-width ratio of their specimens was 2. In contrast to the test carried out by Hitaka et al. [10] , the beam-column nodes of the frame that Cort´es used were hinged. Therefore, the steel slit walls resisted the entire horizontal load.
In China, Zhao et al. [13] performed a cyclic loading test on steel slit walls. In this test, they examined 12 specimens using scale models that were 1/4 of the full-scale model. The results indicated that compared with steel slit walls with one row of links most of steel slit walls with two rows of links have higher ultimate strength and lateral stiffness and a fuller hysteresis curve. Ultimate strength and lateral stiffness decrease with increasing link length. Based on the experimental results conducted by Guo et al. [14] , it was found that the steel wall got better energy dissipation ability and ductility when the width-to-thickness ratio of a slit column was less than 15 and the height-to-width ratio was over 3. The seismic behavior of steel slit wall was also analyzed on the different seismic waves by Xu et al. [15] . Furthermore, the seismic performance of steel frame-steel plate shear wall with silts was also conducted by tests and numerical simulations under cyclic horizontal load and constant vertical load, for example, Chen et al. [16] and Lu et al. [9] .The design rules for ensuring that the yielding of steel wall precedes the yielding of frame members as well as the sufficient dissipate energy were investigated. Some analytical models for steel slit walls were also proposed. Zhao et al. [17] proposed a simplified model via nonlinear spring elements to conduct the simulations. Based on the stiffness equivalent principle, Shen
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The Masterbuilder | March 2016 | www.masterbuilder.co.in [18] and Du [19] proposed concentrically braced and crossbraced simplified analytical models. The finite element analysis method was then used to demonstrate the correctness of their models. On the basis of their results, Jiang et al. [20] proposed another type of simplified analytical model called cross brace with two sticks. The test results and the results of the calculation using simplified models are compared to demonstrate the feasibility of his model.
Previous research results have greatly emphasized the engineering applications of the steel slit wall. To provide design suggestions, many specimens were analyzed using ANSYS. Based on the results, reasonable slit parameters were proposed, and the force mechanism for the steel slit wall was clarified. Never the less, most software packages used in design engineering offices do not have the ability to model the steel slit wall directly and can rarely consider the nonlinearity of the material in the shell elements. As a continued development of the above analysis, a simplified analytical model is proposed in this paper. It can be a great help for the modelling and analysis of steel slit walls. As the steel slit wall works conjointly with the outer frame structure, it is very important for the expected model to consider their coupled effects. The model proposed in this paper is called a "wall-frame analysis model" and is established based on the mechanical characteristics of the steel slit wall that is subjected to horizontal loads rather than the equivalent stiffness or the equivalent bearing capacity rules. Based on the simplified model, the nonlinear static and dynamic behavior of the shear wall can be determined expediently. Our simplified model can also exactly represent the mutual effects of the shear wall and the frame.
Pushover Analysis of the Steel Slit Wall

Configuration and Finite Element Model of the Steel Slit Wall
The steel slit wall is made from a steel plate with rows of vertical slits separated by equidistant spaces, which forms a series of flexural links between the slits. Figure 1 shows the configuration of the stiffened steel slit wall and all the geometric parameters that define this wall. h, B, and t are the height, width, and thickness of the wall panels, respectively. l and b denote the height and width of flexural links. The width of slit is d. b s and t s represent the width and thickness of stiffener. m is the number of flexural links in each row, and n is number of rows. To enhance the stability of the steel slit wall, welded edge stiffeners are usually used along the vertical side of the shear wall [21] . To maximize the stiffness of the steel slit wall, the slits are usually very small. To minimize stress concentrations, a cutting laser is usually used, and a circular arc is used at each slit end [22] . The experimental and numerical research results show that when the slit configuration is designed properly to avoid premature buckling, high ductility and high energy dissipation capability can be achieved simultaneously. The out-of-plane deformation is so small that the forced state of the steel slit wall is similar to the plane stress condition [6] . The four-node finite strain shell element called "SHELL181" is used in ANSYS software package to simulate the steel slit wall. , and Poisson ratio = 0.3. The Von Mises yield criterion is used to analyze the behavior of the steel slit wall. As boundary conditions, the bottom of the plate is completely fixed, the out-of-plane motion and rotational degree of freedom of the top of the plate are fixed, and the coupling has in-plane translational degrees of freedom. The first buckling mode is introduced as an initial imperfection, and the amplitude is h/1000 [23, 24] . For two different specimens, the test result and the calculation result from the finite element model are compared in Figure 2 . Figure  2 (a) illustrates a specimen (A102) tested by Hitaka and Matsui [6] . Its height-to-width ratio h/B is close to 1.The envelop curve of another specimen (S4) [25] is now presented in Figure 2 (b).The geometrical parameters of specimen are h = 1010 mm, t = 8mm,h/B = 2, b s = 100 mm, t s = 8mm, m = 1, l = 550 mm, d = 8mm, and b = 69mm. The test setup shown in Figure 3 was designed to apply shear deformations to the steel plate specimens. The horizontal loads were applied on the specimen by means of a hydraulic jack with a 1,000 kN capacity. The load-displacement curve of the finite element analysis is in good agreement with the experimental data. Therefore, the modeling method in this paper is feasible.
Parameters for the Steel Slit Wall Specimens
According to the statistical data of the calculation [26] , 20 specimens were chosen to study the influence of the slit parameters on the performance of the wall panels. The corresponding geometric dimensions are summarized in Table  1 . The basic geometric dimensions are as follows: h = 3000 mm, d = 15mm, b s =220 mm, t s = 15mm, and the height-towidth ratio h/B = 2.
Determining the Influence of Different Design Parameters under Pushover Analysis. Figure 4 shows that when the b/h is quite small, the load-displacement curves are very gentle, and the structures show considerable ductility. As the value of b/h increases, the lateral stiffness and ultimate bearing capacity increase significantly, but the load-displacement curves decline suddenly because when the b/h value is quite small, the out-of-plane deformation is quite small, and the failure mode of the wall is in the bending plane of the flexural links that belong to strength failure. The walls yield before buckling. Therefore, the pushover curves do not have a descending branch. As b/h increases, the failure mode becomes the out-of-plane buckling, and the pushover curves decline suddenly in the process of loading. Figure 5 shows that the behavior of l/h influences the behavior of the steel slit wall in the same manner as b/h. As l/h decreases, the behavior of the steel slit walls becomes increasingly more like the steel plate without slits. The outof-plane deformation becomes increasingly larger, and plane buckling of the walls makes the pushover curves drop dramatically during the loading stage.
To express the difference between the pushover curves of the steel slit walls with different h/t values more clearly, the average shearing stress ( ) is used in Figure 6 rather than the load. It shows that h/t has little influence on the lateral stiffness of the steel slit wall. Generally speaking, the descending branch appears more clearly on the pushover curves of walls with larger values of h/t. With the increase in the h/t value, plane buckling becomes progressively easier. Figure 7 shows that, for the walls that undergo full plastic deformation prior to the out-of-plane buckling, with the increase in m, the lateral stiffness and the ultimate bearing capacity of the steel slit wall increase significantly because the l/h value is decreasing. During the increase in m, the flexural links become shorter and thicker. Under the same load stage, the bending moment at the end of the flexural links becomes smaller, and the ends of the flexural links require a larger lateral load when they begin to yield.
Mechanical Characteristics of the Steel Slit Wall
The global deformation of the steel slit wall and the free body diagram of a flexural link are shown in Figure 8 . The schematic drawing shows that when subjected to horizontal displacement, the steel slit wall undergoes large flexural show that when all flexural links in a given row achieve their plastic moment capacity, the maximum strength of the steel slit wall is reached [6] . To take the effect of the edge stiffener into account, the outmost flexural link is regarded as a T-shaped section ( Figure 9 ). Both the elastic-plastic lateral bearing capacity Q P and the initial lateral stiffness K 0 of the steel slit wall are illustrated in Figure 10 . Q P is derived and it can be expressed as
(1) And (2) is proposed to estimate the initial lateral stiffness of the steel slit wall [6] (2) The denominator includes three parts to represent the shear deformation of nonslotted regions, the shear deformation of the flexural links between the slits, and the flexural deformation of the flexural links between the slits. Jiang et al. [20] proposed the correction factor: k(l/b) = (1 + 1.2b/l) 3 , which takes the stress concentration at the end of the flexural links into account. When the width of the slits is small enough and the edge stiffeners are taken into consideration, the equation can be expressed as follows:
(3c) where k T is the lateral stiffness of the T-shaped section at the two sides of the wall and k R is the lateral stiffness of the flexural links. Table 2 illustrates the bearing capacity and the lateral stiffness calculated by formulae and numerical simulations, where e k represents the errors between results from (2) and simulation and e * k represents the errors between results from (3a), (3b), and (3c) and simulation. It shows clear evidence that (3a), (3b), and (3c) provide a good prediction of the lateral stiffness of the steel slit wall, with less than 10% error compared with the experimental results and (1) only applies to estimating strength of the walls with single-layer slits. Some links buckle before yielding during the loading process and the number of yielded flexural links of slit walls with multilayer slits is quite hard to predict. Equation(1) takes only one layer of yielded flexural links into consideration. Figure 11 shows the structural behavior of the steel slit wall (W20 in Table 1 ) when the maximum strength is reached. All flexural links develop the plastic moment capacity at their ends, and the yielding of the steel slit wall occurs almost exclusively at these regions (Figure 11(a) ). The edge stiffeners develop plastic behavior at the height associated with the end of the flexural links. The external link works like a T-shaped cross section flexural member. From Figure 11 (b), we find that the horizontal deformation of the links is almost identical at the same height; that is, the flexural links work in parallel to each other when subjected to horizontal displacement. Figure 11(c) shows that the steel slit wall develops a full plastic moment capacity before buckling. The out-of-plane deformation of the wall is very small, less than half of the thickness of the steel slit wall.
teristics of the steel slit wall, the wall-frame analysis model (shown in Figure 12 ) is presented. The frame element is introduced in the simplified model to simulate the behavior of the steel slit wall rather than the shell element. The geometric parameters that define the simplified model are as follows. Frame elements labeled as "I," with length l, are used to model the flexural links between the slits. A rectangular cross section txb is used in this part. The meanings of the notations (t, b, and l) have been explained in Figure  1 . The flexural deformation, the shear deformation, and the axial deformation of the flexural links are all taken into account in the calculation. Frame elements labeled as "II" are used to model the external flexural links of the steel slit wall. A T-shaped cross section is considered, that is, taking the outermost steel plate and the edge stiffener as a compound section. When modeling a steel slit wall, the frame element should coincide with the centroid of the T-shaped cross section. Frame elements "III" and "IV" simulate the nonslotted regions above, below, and between the flexural links together, which are referred to as the band zone, as shown in Figure 1 . The shear deformation under the horizontal load and the axial deformation under the vertical load are considered in element "III." The height-to-width ratio of the band zone is very small. The flexural deformation under the horizontal load can thus be neglected in the model. The analytical data show that the error resulting from the simplification is very small. The cross section of element "III" can be taken the same as element "I" or "II" connected to it. Element "IV" is used to simulate the axial deformation under horizontal load, as well as the shear and flexural deformation under vertical load. According to the location of the elements, txh up , txh mid , and txh dow are chosen to define the beam sections of element "IV." The flexural deformation of the band zone under the vertical load is taken into account. The black circles "V" located at both ends of the flexural links represent the plastic hinges that account for the material nonlinearity of the steel slit wall. The flexural links can develop full plastic moment capacity at both ends under a large lateral deformation.
Definition of the Nonlinear Parameters Related to the Plastic Hinge
The definition of the nonlinear parameters related to the plastic hinge is very important because the plastic hinge dictates the global material nonlinear behaviour of the steel slit wall. Based on the existing experimental and nonlinear analysis data, a load-deformation relationship curve is defined. Then, the nonlinear parameters related to the moment of the curvature of the plastic hinges are obtained according to the relationship between the global deformation of the steel slit wall and the local deformation of flexural links. A generalized component of the force-deformation relationship for depicting modeling recommended by ASCE 41 [27] (Figure 13 ) is employed in the definition of the nonlinear behavior of the steel slit wall. Point B in Figure 13 represents the state that the plastic hinges have developed at the ends of the flexural links. The moment at the ends of the flexural links is given by (4), and the corresponding chord rotation angle is given by (5) as follows: (4) (5) where is the yield strength of steel, Z is the plastic section modulus of the flexural link, and K 0 is the initial stiffness of the steel slit wall. Typically, when plastic hinges are assigned to elements "A" and "B," the value of point B can be obtained by a program (e.g., Sap2000 or Midas). However, Table 2 : Initial lateral stiffness and the bearing capacity of the steel slit wall. 
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The Masterbuilder | March 2016 | www.masterbuilder.co.in 100 the steel slit wall produces out-of-plane deformation when it is subjected to a horizontal load. Although the out-of plane deformation is so little that the buckling of the wall will not occur, there is still an effect on the yield strength [28] . Thus, 0.9 is assigned to yield point B [26] . Point C represents the ultimate strength of the component. The abscissa value equals the deformation at which significant degradation of the strength begins (line CD). Based on the experimental and nonlinear analysis database, an ordinate value of 1.0 and an abscissa value of 3%are conservatively assigned to the point [27] . Beyond point D, the steel slit wall responds with substantially reduced strength to point E. The residual strength of the point is assumed to be 20% of the yield capacity . A drift angle of 4% is used to avoid a sharp transition from points C and D, which usually results in computational difficulty and an inability to converge. Point E corresponds to the complete failure of the steel slit wall. The ordinate value of point E is the same as point D, while the abscissa value equals 4.5%. For the deformations greater than point E, the component strength is essentially zero. After the definition of the nonlinear parameters related to global behavior, conversion of the nonlinear parameters into parameters that prescribe the behavior of the flexural links is necessary. Because the deformation of the band zone is far less than the deformation of the flexural links, all of the deformation is assumed to occur in the slotted region. From the above analysis, it is found that when subjected to horizontal displacement, the flexural links behave as series of beams in double curvature and work in parallel. So the transformation relationship can be expressed as follows: (6) where is the drift angle of the steel slit wall and link is the chord rotational angle of the flexural links.
Results and Discussion
Validation of Simplified Analytical Model
To validate the wall-frame analysis model, the results from two test specimens, A101 [6] and F100W102 [29] , are compared to the results from the simplified models. The steel plates for all specimens have dimensions of 800mm x 800mm x 4.5 mm, while the boundary conditions are different. A101 is loaded under idealized boundary conditions, while the latter is bounded by a steel moment frame. The validity of the wall-column frame analysis model under two different sets of boundary conditions will be determined in this section. The geometric parameters for the specimens are listed in Table 3 . Figure 14 shows the simplified analytical models of the specimens created in Sap2000. Two accurate models with element SHELL181 are also created in ANSYS. Both material and geometric nonlinearity were considered. Rigid elements were used in the regions on the upper and lower boundaries of the steel slit wall covered by the effective friction surface of the high-strength bolt friction connections.
The load-displacement curves for the tests and different analytical models are shown in Figure 15 . The curves from the shell element models and simplified models compare fairly well with the tests. Tables 4 and 5 summarize the ini- Figure 14 : Simplified analytical models of two specimens. tial stiffness and the maximum strength before the 2%drift angle. Subscript "Exp" means experimental results, while subscripts "F," "FEM," and "SM" individually mean results from estimated formulae, finite shell model, and simplified model. The simplified model is observed to provide a good prediction of the stiffness and strength of the steel slit wall, with less than 10% error compared with the experimental results. Figures 16 and 17 show the moment diagrams of the steel frame from different calculation models under drift angles of 1/500 and 1/100, which correspond to the elastic state and the elastic-plastic state, respectively. The moment diagrams where these diagrams are connected to the steel slit wall are too complicated and relatively small; thus, the moment diagrams are not shown in the figures. For the control sections of the steel frame, the moments obtained from the shell element model are slightly larger than the moments obtained from the wall-frame analytical model by approximately 5%, which means that the simplified analytical model can be used in the designing of a structure containing steel slit walls to account for the additional shear force produced by the steel slit wall.
Pushover Analysis of Steel Frame-Steel Plate Shear Walls
To illustrate the application of this new simplified analytical model in structural analysis, a 3-story, 4-bay, 3-span steel frame structure was selected as a design example, which is similar to that of references by Cort´es and Liu [11, 12] . This steel frame structure is a transverse bearing structure, and its geometric parameters are shown in Figure 18 and 2 kN/m 2 on the roofs, respectively. After the preliminary selection, step-by-step trail, and being satisfied with the corresponding requirements in China design codes, the final sectional dimensions of the I-section beams and columns are determined as follows: transverse beams: 450mm x 220mm x 10mm x 14 mm, longitudinal beams: 400mm x 200mm x 8mm x 12 mm, and columns: 500mm x 300mm x10mm x 16mm. For the longitudinal frame, the lateral stiffness of the first story is 37.07 kN/mm and 34.01 kN/mm for the other stories, while, for the transverse frame, the lateral stiffness is 29.66 kN/mm for the first story and 27.21 kN/mm for the other stories.
Based on the principle that the dynamic behavior of the structure in the direction of the two major axes should be similar, we can estimate the lateral stiffness required for the longitudinal frame, such that the lateral stiffness of the first story of the longitudinal frame is 37.07 kN/mm and the lateral stiffness of the other stories is 34.01 kN/mm. To obtain the relevant parameters for the steel slit walls required for each frame, (3a), (3b), and (3c) are used, and the results are summarized in Table 6 . Figure 19 shows two frame structures with different layouts of steel slit walls. The pushover analysis method was used to analyze the seismic performance of the two structures under frequent earthquakes and rare earthquakes in the zone of fortification intensity 8 in China [30] . The design basic accelerations of ground motion are 0.2 g and 0.3 g for frequent and rare earthquakes, respectively. Based on the capacity spectrum method (CSM) [31] , the capacity curves of SSFW-1 and SSFW-2 are found to intersect the demand spectrum under frequent earthquake conditions, and their intersections are located on the linear stage of the capacity spectrum ( Figure 20) . The results show that the SSFW-1 and SSFW-2 remain elastic under frequent earthquake conditions and satisfy the requirements of the code for the seismic design of buildings. Figure 21 shows that the capacity curves of SSFW-1 and SSFW-2 intersect the demand spectrum under rare earthquake conditions, and their intersections are located on the nonlinear stage of the capacity spectrum. SSFW-1 and SSFW-2 can resist the rare earthquake on the zone of fortification intensity 8 in China, and the structures begin to yield. Figure 22 is the schematic drawing of the plastic hinge distribution on structures under rare earthquake conditions. Plastic hinges appearmainlyon the steel slit walls, all columns remain elastic, plastic hinges are formed only on a few beams of SSWF-1, and no plastic hinge is formed on the beams of SSWF-2. This phenomenon indicates that the steel slit walls can be used not only as antilateral force components but also as energy dissipation components to reduce the burden of frames under the earthquake.
The interstory angles of structures under rare earthquake conditions are showed in Figure 23 . The interstory drift angles of both SSFW-1 and SSFW-2 under rare earthquake conditions are smaller than 1/50 and satisfy the requirements of the code for the seismic design of buildings. For the performance point, the roof displacements for SSWF-1 and SSWF-2 are 71.61mm and 71.38mm, respectively, and the corresponding base reactions are 697.62 kN and 698.42 kN. The roof drift angles of the two structures are both smaller than 1/50. Overall, the lateral stiffness and the loading capacity of SSFW-1 and SSFW-2 are almost the same. However, from the plastic hinge distribution under rare earthquake conditions, the seismic performance of SSFW-2 is better than that of SSFW-1. 
Conclusions
Based on the results of the pushover analysis on series of steel slit wall specimens, the effects of the slit parameters, such as b/h, l/h, h/t, and m, on the behavior of the steel slit wall are conducted. An estimated equation for the lateral bearing capacity which considered the effect of edge stiffener is proposed. A reference for designing a steel slit wall is provided. Based on the mechanical characteristics of the steel slit wall, a simplified analytical model named the "wallframe analytical model" is presented. The simplified model allows for performing nonlinear dynamic and static analysis of structures containing steel slit walls. The parameters related to the configuration and nonlinear behaviors of the simplified model are defined, and the validity of the model is also demonstrated using two specimens. The results
